[1] As an important input for hydrological models and snowmelting models, surface solar radiation can be estimated from sunshine duration by the Å ngström-Prescott model. This model has site-dependent parameters and thus needs calibrations when applied to individual regions. The calibrations are particularly difficult in highland and mountainous areas because of unavailability of radiation measurements. In this study, a simple model that can explicitly account for radiative transfer processes in the atmosphere is developed to estimate hourly and daily solar radiation. Its inputs are surface meteorological data (sunshine duration, air temperature, and relative humidity), so it can be easily applied to hydrological modeling. The radiation model is compared with the Food and Agricultural Organization radiation model and globally and locally calibrated Å ngström-Prescott models at a number of sites in various climate and elevation regions, and it is suggested that the new model is more general and more accurate, especially for estimating hourly solar radiation. The source code of this model is available from the authors upon request.
Introduction
[2] With the economic development and population growth, the lack of water resources becomes severe in many regions. Understanding hydrological cycles is crucially important for water resources assessment. Solar radiation is an important input for hydrological models [e.g., Sinokrot and Stefan, 1993; Wigmosta et al., 1994; Kustas et al., 1994; Cline et al., 1998; Pomeroy et al., 2003] . It can be directly measured or estimated from other meteorological data. Although there are some complex spectral radiative transfer models [e.g., Leckner, 1978; Dozier, 1980; Bird, 1984] , they do not work well for cloudy skies. Meanwhile, many simple models have been developed for estimating global solar radiation [Iqbal, 1979; Atwater and Ball, 1981; Yang et al., 2001; Yang and Koike, 2002; Klok and Oerlemans, 2002; Weiss and Hays, 2004] . In hydrological models, solar radiation is usually estimated by sunshinebased models [Å ngström, 1924; Prescott, 1940] , cloudbased models [Supit and van Kappel, 1998; Ehnberg and Bollen, 2005] , or temperature-based models [Bristow and Campbell, 1984; Thornton and Running, 1999; Bechini et al., 2000] . The three types of models are widely used in hydrological models, depending on the type of available input data. In general, a well-calibrated sunshine-based model can provide better soar radiation estimates than cloud-based or temperature-based models [Iziomon and Mayer, 2001; Podestá et al., 2004] . The mostly widely used sunshine-based model was proposed by Prescott [1940] on the basis of the original work of Å ngström [1924] . In our paper, the model is called Å ngström model or called Å ngström-Prescott model when it is necessary to discriminate it from the original Å ngström model.
[3] The Å ngström model has site-specific model parameters, because it cannot physically consider radiative extinction processes in the atmosphere. Unfortunately, no physically based approach has been proposed to determine the parameters [Gueymard et al., 1995] . The most common way is to directly calibrate the parameters using observed data [e.g., Gopinathan, 1988; Sahin and Sen, 1998 ]. However, the calibration cannot be carried out in many cases because of lack of radiation data. The Food and Agriculture Organization (FAO) therefore recommends a set of default values (see equation (1) in section 3.1). The Å ngström model with these values can give reasonable estimates to radiation in certain areas, and it is widely used for hydrological and agricultural studies. Nevertheless, more efforts should be made to improve the solar radiation estimates because to the following two issues.
[4] First, the applicability of the Å ngström model is questionable in highland and mountainous areas. Studies on hydrological processes in these regions become increasingly important, because snowmelting and glacier retreat in some regions like Tibet and Alpine [Oerlemans, 1994; Su and Shi, 2002] contribute considerably to the total discharge, supply water resources, and also cause many floods in these regions [Fontaine et al., 2002; Verbunt et al., 2003; Valeo and Ho, 2004; Levia and Underwood, 2004] . Because of low Rayleigh scattering, low aerosol scattering, and low water vapor absorption, the radiative extinction over highland areas can be much weaker than over lowland areas. In general, it is difficult to find radiation data in highland areas for calibrating the model parameters, while a model calibrated in lowland areas may underestimate the radiation in highland areas. Therefore it is necessary to develop a more general and more physically based radiation model, which can be applied to both lowland areas and highland areas.
[5] Second, there is a need to estimate hourly radiation for hydrological modeling. Many hydrological models [e.g., Owe, 1989; Brutsaert and Chen, 1996; Jia et al., 2001] focus on the interactions between the energy cycle and the hydrological cycle. Particularly, the snowmelting and glacier retreat are strongly affected by solar radiation, and therefore snowmelting and glacier runoff are characterized by strong diurnal variations [Verbunt et al., 2003] . Their simulations need forcing data with fine temporal resolution, such as hourly radiation data. Hourly sunshine data are available in some countries or can be interpolated from daily data [Revfeim, 1997] , providing a possibility for hourly radiation estimation. However, there are very few models for estimating hourly radiation. The Å ngström model was developed for estimating daily radiation. This study will investigate its applicability for estimating hourly radiation.
[6] In this study we developed a hybrid model, which is more physically based and does not need local calibration. One major difference between the hybrid model and the Å ngström-Prescott model is: the hybrid one follows the original Å ngström model (see equation (5a) in section 3.4.3) and parameterizes radiative extinctions of air and cloud separately, while the traditional one does not distinguish them. The input data of the hybrid model are hourly or daily sunshine duration, air temperature, and relative humidity. The outputs are hourly and/or daily solar radiation. To show its performance, we compare this model with the FAOrecommended model, a globally calibrated Å ngström model, and a locally calibrated Å ngström model at a number of sites. This paper is organized as follows. The data for model calibrations and validations are presented in section 2, and the four solar radiation models are presented in section 3.
The input parameters for the hybrid model are described in section 4. In section 5, the four models are compared at widely distributed stations, which have distinct climate from humid to dry zones and surface elevation varying from the sea level up to several kilometers. Discussion is given in section 6, and the study is summarized in section 7.
Data
[7] The data for model calibrations and validations were collected in Japan in 1996, the United States in 1998, Saudi Arabia in 1998, and west China in 1997 and 1998. Table 1 shows the geographic and annual mean meteorological data at the calibration stations (12 Japan stations, 4 United States stations, and 4 Saudi Arabia stations), and ). In order to test the generality of the radiation models, the calibration stations are selected from lowland and humid areas, while the validation stations are selected from both lowland/ highland and humid/dry areas.
[8] In Japan, there are a total of 67 radiation stations being maintained by Japan Meteorological Agency. Hourly air temperature, relative humidity, and sunshine duration are measured simultaneously. Because many stations have similar geographic and climatological characteristics, it is not necessary to validate the data at all the stations. Instead, this study only selected 23 stations (one third of the total stations) for model calibrations and validations. The selected stations are uniformly distributed along latitude, including the northernmost and the southernmost stations. They are relatively humid, and their latitudes have a wide distribution. In addition, almost all the stations are located in lowland areas, even though Japan is a mountainous country. Among the stations, 12 stations (in Table 1 ) were selected for model calibrations and the other 11 stations (in Table 2 ) are used for model validations.
[9] In the United States, the data for this study were obtained by the Cooperative Network for Renewable Resource Measurements (CONFRRM). There were a total of seven stations measuring the global horizontal irradiance, direct normal irradiance, air temperature, and relative humidity every 5 min. Four stations (EC, ED, CL, and AU in Table 1 ) are used for model calibrations, and the other three stations (CN, ST, and EP in Table 2 ) are used for model validations. The validation stations are relatively high and dry compared to the calibration stations.
[10] In Saudi Arabia, the data used in this study were collected through a NASA Remote Sensing Validation project. There were a total of 12 stations measuring the global horizontal irradiance, direct normal irradiance, air temperature, and relative humidity every 5 min. Four stations (JN-QA in Table 1 ) are used for model calibrations, and the other eight stations (MA-AB in Table 2 ) are used for model validations. The validation stations are relatively high and dry compared to the calibration stations.
[11] In west China, two stations maintained by the Chinese Meteorological Administration were selected. The two stations, Lhasa (3659 m) and Germu (2808 m), are the highest operational radiation stations in China, where daily air temperature, relative humidity, pressure, and sunshine duration were measured. The two stations are used for validating the models in very high areas and discussing elevation effects on their performances in section 6.
[12] Note that sunshine duration data at Japan and China stations were directly measured using sunshine recorders, but the data at United States and Saudi Arabia stations were estimated from the measured direct normal irradiance according to its definition by the World Meteorological Organization (i.e., the sunshine duration is the length of time for which solar direct normal irradiance exceeds a threshold value of 120 W m À2 ).
Solar Radiation Models

FAO-Recommended Å ngström Model
[13] This model is given by Doorenbos and Pruitt [1977] :
where H (J m À2 ) and H 0 (J m À2 ) are solar radiation on a horizontal surface at the ground level and at the extraterrestrial level, respectively. Their ratio (H/H 0 ) is the radiative transmittance. n is the actual sunshine duration, and N is the maximum possible sunshine duration, and thus n/N is the relative sunshine duration. The calculation of H 0 follows Iqbal [1983] . [14] The two coefficients (0.25 and 0.5) in equation (1) are recommended by the FAO for estimating daily solar radiation, if no radiation data are available for model calibration. The sum of the two coefficients (i.e., 0.75) represents the fraction of extraterrestrial radiation reaching the Earth's surface under clear skies. This model will be used for estimating both daily and hourly radiation in section 5, although it is originally developed for estimating daily radiation.
Globally Calibrated Å ngström Model
[15] In general, a linear relation between sunshine duration and radiation is used in the Å ngström models, such as the FAO model. However, nonlinear relations are suggested in some studies [e.g., Morton, 1983; Suehrcke, 2000] . Our experiences in Japan also suggest that a nonlinear relation can be better than a linear relation in humid areas. Therefore we assume the Å ngströ m model in the sequel has a nonlinear form. For hourly solar radiation,
and for daily solar radiation,
where a i and b i are parameters to be calibrated.
[16] The parameters are calibrated using the pooled data at all the stations in Table 1 and the calibrated values are  shown in Table 3 . Because there are many hourly data with n/N = 0 (about one third of the total data), the hourly radiation model was calibrated separately for the case of n/N = 0 and for the case of n/N > 0 in order to avoid possible regression bias. It is noticeable that equation (2a) exhibits a strong discontinuity near n/N = 0: its value is 0.3139 for n/N ! 0 but becomes 0.1811 for n/N = 0. This discontinuity in turn justifies the necessity for such a separate calibration in the hourly radiation model. On the other hand, there are many fewer daily data with n/N = 0 (10% of the total data), and a continuous function (equation (2b)) can work well for the two cases in the daily radiation model.
[17] In addition, the reader should be reminded that various cloud types have different optical depths and thus the values of equations (2a) and (2b) for overcast skies (n/N = 0) only represent a statistical mean. A more accurate expression needs more cloud-related parameters (e.g., cloud type and thickness) and will not be discussed in this study.
Locally Calibrated Å ngström Models
[18] Similar to parameters in section 3.2, the parameters in equations (2a) and (2b) are calibrated for Japan, the United States, and Saudi Arabia, respectively, using the data collected at the stations of each region in Table 1 . The calibrated parameters are also shown in Table 3 . The calibrated relation between relative sunshine duration (n/N > 0) and radiative transmittance (H/H 0 ) are shown in Figure 1 for the globally and locally calibrated Å ngström models as well as the FAO model. Figure 1 suggests that the calibrated relation is sensitive to regions, and its variability for hour radiation is much larger than for daily radiation, indicating local calibration is more important for hourly solar radiation estimation. It also shows that for hourly radiation estimation, the FAO model has larger transmittances than the locally calibrated models for n/N > 0.5. For daily radiation estimation, the FAO model has similar transmittances to the calibrated models for 0.3 < n/N < 0.8, but has higher transmittances for other ranges of n/N.
Hybrid Model
[19] The hybrid model is the improved version of a basic model presented by Yang et al. [2001] . The old model needs fine resolution (hourly) input data and produces coarse resolution (monthly) radiation output. Also, it was only validated in Japan sites with similar elevation and climatological characteristics. Therefore the model is favorable for solar power devices, but it is not suitable for hydrological studies. This study extends the model from estimating monthly solar radiation to estimating hourly and daily solar radiation. The new hybrid model calculates the radiation following three steps below.
Radiative Transmittances Under Clear Skies
[20] Under clear skies, the broadband solar beam radiative transmittance t b,clear and solar diffuse radiative transmittance t d,clear are calculated according to Yang et al. [2001] . There are some inconsistencies in the air mass pressure correction in the published equations. For clarity, the actually used model is described below: 
where t g , t r , t w , t oz , and t a are the broadband radiative transmittance due to permanent gas absorption, Rayleigh scattering, water vapor absorption, ozone absorption, and aerosol extinction, respectively. m is the relative air mass, m 0 is the pressure-corrected air mass, h (rad) is the solar elevation, and p 0 = 1.013 Â 10 5 Pa. Compared with the Å ngström models, the new model requires four additional input parameters, that is, the surface pressure p (Pa), the precipitable water w (cm), the thickness of the ozone layer l (cm), and the Å ngström turbidity coefficient b. Their values are determined from surface meteorological data and geographic information in section 4. 
Solar Irradiance Under Clear Skies
where R 0 (W m
À2
) is the solar irradiance on a horizontal surface at the extraterrestrial level. According to Gueymard [2003a Gueymard [ , 2003b and Madkour et al. [2005] , this broadband model is one of the best for calculating beam radiation under clear skies, and its accuracy is comparable to the state-of-the-art radiative transfer models.
Solar Radiation Under All Skies
[22] The new model estimates solar radiation according to Å ngström [1924] , that is,
where t c denotes a radiative transmittance that is related to cloud scattering and absorption.
[23] The transmittance is assumed to be an empirical function of relative sunshine duration. Similar to equation (2),
where a, b, and c are coefficients.
[24] The transmittance t c should be equal to unity under clear skies (i.e., a + b + c = 1); therefore there are two parameters to be calibrated. The parameters are calibrated using all the data in Table 1 .
[25] For hourly solar radiation, Table 1 , respectively. The ''Global'' curve represents the calibrated curve for all the data in Table 1 . The ''FAO'' curve represents FAO-recommended parameters.
For daily solar radiation,
Similar to equations (2a) and (2b), the value of t c for overcast skies (n/N = 0) only represents a statistical mean.
Description of Input Data in the Hybrid Model
[26] Besides sunshine duration, the hybrid model needs to input surface pressure, precipitable water, ozone thickness, and the Å ngström turbidity coefficient. Because our target is to develop a simple radiation model for hydrological modeling, it would be desirable if all the inputs of the radiation model can be derived or estimated from the common inputs of hydrological models.
Surface Pressure
[27] The pressure mainly affects the permanent gas absorption and Rayleigh scattering, but its temporal variations ($1%) do not sensitively affect the parameterization of the radiative extinction. For our purpose, the following formula can give a good estimation to the surface pressure [Kondo, 1994] : 
Precipitable Water
[28] The precipitable water (w, cm) is defined as the amount of water in a vertical column of atmosphere. In this model, its value is estimated from surface relative humidity (rh, %) and air temperature (T, K) by a semiempirical formula derived from equations (16) and (20) of Leckner [1978] :
Ozone Thickness
[29] The ozone thickness generally increases toward high latitude except near the South Pole. Also, it has obvious seasonal variations, higher in the spring and lower in the autumn. Yang et al. [2001] and Yang and Koike [2002] roughly estimate the ozone thickness for the north hemisphere by an empirical formula, which is used here:
where f (degree) is the latitude, J d is the Julian day. Transmittance due to ozone absorption is near unity; therefore the surface radiation is relatively insensitive to the ozone thickness, so the above estimation is acceptable.
Turbidity Coefficient
[30] The Å ngström turbidity coefficient generally decreases toward high elevation and high latitude. Å ngström [1961] proposed an empirical formula to estimate its zonal mean value for land areas:
where f (degree) is the latitude, and z (m) is the surface elevation from the mean sea level (MSL).
[31] Note equation (11) represents a global zonal mean. It can be questionable in areas with strong aerosol signals such as east and south China, India, and Sahara Desert, where the turbidity coefficient can be much larger than the zonal mean.
[32] In summary, the additional inputs in the new model can be estimated from geographical information and surface meteorological data (air temperature and relative humidity), which are exactly the input data of most of hydrological models, so the new radiation model can be easily embedded in hydrological models.
Model Comparisons
[33] In this section, we compare the hybrid model with the FAO model, the globally calibrated Å ngström model, and the locally calibrated Å ngström model at a number of stations in Tables 1 and 2 . We use the mean bias error (MBE), root-mean-square error (RMSE), and correlation coefficient (R) between observation and estimation to evaluate model performance.
Comparison in Japan
[34] Figures 2 and 3 show the comparisons of model performances for estimating hourly solar radiation and daily solar radiation in Japan, respectively. The MBE, RMSE, and R are shown in each plot. Figures 2 and 3 show model performances at both calibration stations (1 -12) and validation stations (13 -23). The symbol 'All' represents the overall performances at all the stations. Figures 2 and 3 show that the model performances at the validation stations are not degraded compared with the ones at the calibration stations, because of the similar humid climate and low elevation at both the calibration stations and validation stations. The calibrated Å ngström models and the hybrid model show better performances than the FAO model. The FAO model is positive biased, by about +25 to +30 W m À2 in the hourly case and about +0.5 to 1 MJ m À2 in the daily mean, which implies in a source of about +5% additional error in model estimates. Both situations could be expected from Figure 1 , which make evident the higher transmittance proposed by the FAO model for about overcast and about clear sky. The hybrid model gives comparable MBE and RMSE values and slightly higher correlation coefficients than the calibrated Å ngström models. The results suggest a second-order importance of atmospheric correction for Japan stations when compared with the effect of fitting a second-degree expression (equation (2)) instead of a first-degree one (equation (1)). However, the atmospheric correction becomes important when the hybrid model is applied to regions with distinct geographic and climatic characteristics, as will be shown in the subsequent sections.
Comparison in the United States
[35] Figures 4 and 5 show the comparisons of the MBE, RMSE and R for estimating hourly radiation and daily radiation in the United States, respectively. Figures 4 and 5 show both the calibration performances at humid lowland stations (EC, ED, CL, AU) and the validation performances at dry highland stations (CN, ST, EP). The FAO model generally gives the largest errors and lowest correlation coefficients at the humid lowland stations, similar to its performances in Japan, but it performs well at the dry highland stations. The locally calibrated Å ngström model gives the smallest errors at the calibration stations, but it significantly underestimates the solar radiation at dry highland stations and even becomes the worst performer at the validation stations (CN, ST, EP). This degradation of the model performances indicates that a locally calibrated Å ngström model is not applicable to a region with different climate regime and elevation. The globally calibrated Å ngström model performs moderately well, but significant errors are also found at several stations. The hybrid model generally gives small RMSE and the highest correlation coefficients, especially for hourly radiation estimation. It is noticeable that the hybrid model performs even better at the validation stations (CN, ST, EP) than at the calibration stations (EC, ED, CL, AU).
Comparison in Saudi Arabia
[36] Figure 6 shows the model performances for hourly solar radiation estimation in Saudi Arabia. The FAO model usually overestimates the hourly radiation, especially for the humid lowland stations (JN and GN) . The globally cali- Table 1 , and validation stations are 13-23 in Table 2 . brated Å ngström model usually underestimates the hourly radiation, especially for the dry highland stations (SH and AB). The locally calibrated Å ngström model performs better but also underestimates radiation for the dry highland stations. It is impressive that the hybrid model shows smaller RMSE values than other three models at both the calibration stations (JN-QA) and the validation stations (MA-AB).
[37] Figure 7 shows the comparison for daily solar radiation estimation in Saudi Arabia. The FAO model and the locally calibrated Å ngström model perform well at most of the stations but poorly at the highland stations (SH and AB). The globally calibrated Å ngström model underestimates the radiation at all the stations except at the lowest two stations (JN and GN) . The hybrid model performs well at both the calibration stations and the validation stations except at the AB station. Possibly, the input parameters (such as precipitable water and turbidity coefficients) determined in section 4 are not suitable for the AB station, or the observations are contaminated by some unexpected factors, which need further investigations in future studies.
[38] On the basis of the above comparisons at widely distributed data, it is suggested that the performances of the hybrid model are almost comparable to or better than that of the locally calibrated Å ngström models while much better than that of the FAO model. In particular, the hybrid model performs obviously better for hourly radiation estimation. The locally calibrated model performs well at the humid lowland stations, but its skill has a significant degradation at dry highland stations. However, the hybrid model performs well at almost all the stations, indicating that the parameterization to the clear sky transmittance is reasonable and the cloud-related transmittance function is nearly universal.
Discussion
[39] In this section, we discuss the reasons why the hybrid model usually has better prediction skill than other models, especially for hourly radiation estimation. In the Å ngström models, the model parameters implicitly include all the effects of radiative extinction processes in the atmosphere and in the cloud. Since the atmospheric radiative transfer varies with climate and elevation, it is not Table 1 , and validation stations are CN-EP in Table 2 . Table 1 , and validation stations are CN-EP in Table 2 . Table 1 , and validation stations are MA-AB in Table 2 . Table 1 , and validation stations are MA-AB in Table 2. surprising that the parameters are site-dependent and have to be calibrated. In the hybrid model, the effects of elevation and climate on the transfer processes have been explicitly represented by the broadband model in section 3.4. The function of sunshine duration (equation (6a)) only represents the cloud-associated radiative transmittance, so model uncertainties are much reduced. The differences in parameterizing radiative transfer processes make the hybrid model more general than the Å ngström models. At least in the following two aspects, the hybrid model performs better than the Å ngström models.
Daytime Variations of Solar Radiation Under Clear Skies
[40] The radiative transmittance experiences a daytime variation. In the early morning and late afternoon, the solar elevation is low, and thus the sunlight passes through a large air mass before reaching the surface. The atmosphere therefore absorbs and scatters more radiation, and the transmittance is low. Near noon, the solar elevation is high, and the sunlight passes through a small air mass, so the atmosphere absorbs and scatters less radiation, and the transmittance becomes high. Figure 8a shows an example of the daytime variation of observed and model-estimated clear sky solar radiation at a lowland site (Saudi Arabia/QA station, 358 m high). It indicates that the locally calibrated Å ngström model overestimates the radiation in the early morning and late afternoon while underestimates the radiation near noon. was observed through the GEWEX (Global Energy and Water cycle Experiment) Asian Monsoon Experiment (GAME) project [Koike et al., 1999] (see http:// monsoon.t.u-tokyo.ac.jp/tibet/for data), the maximum errors of the Å ngström model could reach 300 W m À2 (or 25% of the peak value). Therefore the errors of the Å ngström model for estimating hourly radiation increase with respect to elevation, and large errors occur during six hours near noon. On the other hand, the hybrid model can catch up with the observed peak values and the daytime variations in both lowland and highland areas, as shown in Figure 8 . The distinct model performances lie in the model nature. The hybrid model has explicitly accounted for the diurnal variations of air mass and transmittances, while the Å ngström model uses a daily average transmittance (about 0.7). For cloudy skies, the hybrid model is not much better than the Å ngström model because clouds result in some uncertainties.
Highland Regions
[41] Increasing elevation not only reduces air mass, but also effectively reduces turbidity, as suggested by equation (11). Therefore the surface radiation values are very sensitive to elevations. Figure 9 shows that the scatterplots of daily radiation estimation at three highland stations: ST station (1200.9 m) in the United States, Germu station (2808.5 m) and Lhasa station (3659 m) in west China. It shows that the globally calibrated model underestimates the daily solar radiation 8.5% at ST station, 9.2% at Germu station, and 14.6% at Lhasa station. On the other hand, the hybrid model performs well and does not yield such a large bias. [42] In addition, the hybrid model can also be applied to different climate regimes, because the surface air temperature and relative humidity are two input parameters of this model.
Concluding Remarks
[43] On the basis of comparisons between observed and estimated radiation at a number of stations, we indicate that the FAO radiation model may overestimate hourly and daily solar radiation for humid regions. The parameters of the traditional Å ngström models have a large variability from site to site, and thus need calibrations. In particular, the Å ngström models cannot exactly simulate the daytime variation and peak values of solar radiation, and the radiation can be underestimated 10 percent or more in highland areas. The errors in incoming solar radiation can significantly contaminate hydrological modeling and water resources assessment, especially in arid and semiarid areas. In this study we developed a new model for estimating hourly and daily solar radiation from sunshine duration. For explicit parameterization of the radiative transfer processes in the atmosphere, this model needs additional input parameters (precipitable water, turbidity coefficient, and ozone thickness). They can be provided by global data sources (such as remote sensing products, global climate models or aerosol models). However, for the simplicity of the model and its easy application in hydrological studies, this model estimates these parameters from air temperature, relative humidity, and basic geographical information, which are common inputs of hydrological models. The model is validated at a number of stations in various climate and elevation regions, and proven to be more general and more accurate than the traditional Å ngström models; therefore it would contribute to hydrological studies. The source code of the model is available from the authors upon request.
